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Abstract. We studied numerically and experimentally convective heat transfer and drag of two side-by-side tubes in 
different arrangements in the narrow channel at the Reynolds number ranging from 8000 to 40000 in comparison with circular 
tubes. The visualization results of the flow structure in the wake behind the arrangements of the investigated tubes are 
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КОНВЕКТИВНЫЙ ТЕПЛООБМЕН И АэРОДИНАМИЧЕСКОЕ СОПРОТИВЛЕНИЕ  
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Аннотация. Проведено численное и экспериментальное исследование конвективного теплообмена и аэродина-
мического сопротивления двух расположенных бок о бок каплеобразных труб в различной компоновке, размещен-
ных в узком канале в диапазоне чисел Рейнольдса от 8000 до 40000, в сравнении с трубами круглого сечения. Пред-
ставлены результаты визуализации структуры течения в следе за компоновками исследуемых труб. Показано, что 
теплоаэродинамическая эффективность расположенных бок о бок капельных труб в 1,2–2 раза выше, чем у труб 
круглого сечения за счет более низкого аэродинамического сопротивления каплеобразных труб.
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Introduction. Since today the use of circular tubes without intensifiers, which can make additional 
aerodynamic drag, has exhausted itself, it is obvious that for the sake of increase in the performance 
of heat exchange devices and for the sake of improvement of their weight-and-size indicators, changing 
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the form of a cross section of a heat transfer surface based on a round tube will cause controlled flow to 
separate, the wake structure to change and, as a result, aerodynamic drag to reduce. To do this, non-
circular tubes can find use, for example, these are flat-oval, drop-shaped, elliptic tubes, whose drag is by 
a factor of 1.5–2 less than that of circular tubes and whose heat transfer characteristics are close and, 
hence, have a higher thermal and hydraulic efficiency. 
A very small number of works have been devoted to the study of drag of non-circular tubes and their 
banks. The known works in their majority contain the comparison results of single elliptic and circular 
tubes and are mainly concerned with the study of the influence of the tube cross section on drag and heat 
transfer [1; 2]. However the important factor influencing drag and heat transfer of tube banks are a tube 
distance and a distance from tubes to the wall of the working section. Therefore, the objective of the 
work to be presented herein was to obtain new results on convective heat transfer influenced by the 
location of two different-configuration side-by-side tubes in the narrow channel at the 0° angle of attack.
 This work presents the numerical and experimental results on convective heat transfer and drag 
of two side-by-side tubes of different cross section in the narrow channel. The visualization results of the 
flow structure in the wake behind the arrangements of investigated tubes are also given.
 Test model and task statement. An object of investigation (Fig. 1) is a pair of side-by-side circular 
(Fig. 1, а) and drop-shaped tubes (Fig. 1, b), the latter being considered in three arrangements. In the first 
arrangement, drop-shaped tubes are in the flow on the side of the large diameter (Fig. 1, b); in the second 
arrangement, tubes are in the flow on the side of the small diameter (Fig. 1, c); in the third arrangement 
(mixed), one of the tubes is in the flow on the side of the large diameter and the other is in the flow on the 
side of the small diameter (Fig. 1, d). 
 The studies of the influence of both the distance from the channel wall to circular tubes and the tube 
distance on drag [3; 4] revealed three flow regimes. The first flow regime is realized within the tube dis-
tance range of 0.2–0.3D (D is the tube diameter); tubes are streamlined as one bluff body, generating one 
common vortex street. The second regime is within the tube distance range from 0.2–0.3D to 1.2–1.5D; 
in this case, the asymmetric regime arises in the wake – the off-center flow separation causes one wide 
wake and one narrow wake to form behind cylinders. The third regime occurs within the tube distance 
Fig. 1. object of investigation: circular tubes (а), drop-shaped tubes in the flow on the side of the large diameter (b), drop-shaped 
tubes on the side of the small diameter (c), drop-shaped tubes when one of the tubes is streamlined on the side of the large diam-
eter and the other – on the side of the small diameter (d)
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range of 1.2–1.5D; within this regime, tubes are streamlined as two independent bluff bodies and behind 
them two independent vortex streets with the same vortex shedding frequency are formed. The present 
work studied the second flow regime for all arrangements 
 The channel blockage was k
q
 = 0.69 and in the case of mixed arrangement, k
q
 = 0.54. The drop-shaped 
tube profile length L (Fig. 1, b–d) was 51 m, the large diameter D = 24 mm, and the small diameter 
d = 10 mm. For all-type tubes, the tube center distance S and the gap b between the tubes and the work-
ing section walls (with the exception of drop-shaped tubes of mixed arrangement were taken constant 
and equal to 31.3 and 7.3 mm, respectively, keeping a constant distance between the tube walls and the 
distance between the investigated tube walls and the working section walls. 
 Experiments on flow around two side-by side tubes of different cross section in the narrow 
channel were performed in a closed-circuit wind tunnel with a rectangular working section of width 
B = 70 mm and height A = 60 mm (Fig. 2, а). The flow-through area was represented by a working 
section, comprising an investigated tube, two straight channels in front of and behind the working 
section, and a diffuser connected with one end to a fan outlet connection and with the other – to 
a straight channel. A maximum capacity of the fan was 0.085 m3/s. This made it possible to achieve 
a flow velocity up to 20 m/s in the free area of the working section.
Fig. 2. Experimental set-up (а): 1 – place of mounting objects of investigation; 2 – working section; 3 – straight channel;  
4 – diffuser; 5 – fan; 6 – injector; computational grid fragments (b)
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To level a velocity field and to reduce a turbulence degree at the working section inlet, the honeycomb 
with 1.2 × 1.2 mm cells was placed between the diffuser (4) and the straight channel (3). It served to 
break up large vortices and to form a system of small fast decaying vortices. The turbulence degree Tu 
behind the grid was determined by the Roach formula [5]
 
5
7Tu 0.8( / ) ,wrx d
−

where х ≈ 180 mm is the distance from the grid to the investigated tubes; d
wr
 = 0.3 mm is the wire 
diameter. The calculation results of the flow turbulence degree at the working section inlet showed that 
it is close to 1%.
To visualize the structure of flow around two side-by-side tubes of different cross section, flow features 
at a different location of tubes to each other and processes occurring in the near wake in transverse flow 
around them, a device to inject a soot-kerosene suspension into the flow was mounted in the straight 
channel. The methods to visualize flow by means of a soot-kerosene suspension were detailed in [6]. 
For numerical simulation to be made, the three-dimensional statement of the task was set. Geometric 
sizes of tubes were selected from the condition of matching with experiment. Computational domain 
sizes were 0.06 m × 0.07 m × 0.447 m. Computation was made on an unstructured 3D grid composed 
of polyhedral elements. In the 3D grid, we selected an area with a structured grid around a tube to 
describe the boundary layer. Fig. 2, b illustrates the computational domain fragments. The total power 
of the grid was about 10 mln cells. 
We solved the steady Reynolds-averaged Navier–Stokes equations, the continuity equation and the 
energy equation [7]. The Reynolds equations were closed using Menter’s κ-ω shear stress transport 
model in standard statement [7]. 
An incoming flow velocity U
ref
, an incoming flow temperature T
ref
, a turbulence level Tu and 
a hydrodynamic diameter dhyd matched with experiment conditions were assigned at the computational 
domain inlet. A constant heat flux was predetermined at the inner surface of tubes; outflow boundary 
conditions – at the exterior boundary; channel walls were assumed to be smooth and thermally insulated, 
no-slip conditions were implemented at the walls.
The verification of the computational algorithm using different experimental data is described 
elsewhere in [8–11]. There, it was shown that the error of numerical simulation results does not exceed 
12 % in comparison to experiment.
Results and discussion. Figs. 3–4 demonstrate the numerical and experimental results. The simi-
larity numbers – the Reynolds number refRe ,D
U D
=
ν
 the Euler number 2
ref ref
Eu p
U
∆
=
ρ
 and the Nusselt 
number Nu D
Dα
=
λ
 were formulated using an air density ρ
ref
, a flow velocity U
ref
 at the inlet of the 
working section of the channel and a large diameter of a drop-shaped tube equal to a circular tube 
diameter D as defining values. 
The arrangement of circular tubes (Fig. 3, а) exhibits the largest drag, while the mixed arrangement 
of drop-shaped tubes (Fig. 3, a) – the smallest drag. This can be attributed to the case when the channel 
is not heavily blocked (k
q
 = 0.54) in comparison to other arrangements. In terms of heat transfer, circular 
tubes continue to be most efficient; all the considered arrangements of drop-shaped tubes are very close 
in total heat transfer (Fig. 3, b). However the thermal and hydraulic performance drop cir
drop cir
(Nu / Nu )
(Eu / Eu )
ξ =  
of drop-shaped tubes (Fig. 3, c) in any arrangement exceeds that of circular tubes.
Comparing the arrangements of drop-shaped tubes by drag, it can be emphasized that a bank 
of drop-shaped tubes in the flow on the side of the small diameter (Fig. 3, а) has the largest drag. This 
can be explained as follows: when drop-shaped tubes are in the flow on the side of the small diameter, 
the flow encounters an obstacle – a drop-shaped tube – having a small rounding radius. Further, moving 
along the drop-shaped tube the flow enters a convergent channel formed by the drop-shaped tube wall, 
the velocity increasing and the pressure decreasing. In the rear part of drop-shaped tubes the flow is 
separated and the rear part of drop-shaped tubes is streamlined in the same manner as in the case 
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of circular tubes. owing to this, behind the drop-shaped tube streamlined on the side of the small 
diameter, a wide recirculation zone (Fig. 4, а) is formed. All the above facts show that drag grows. The 
experimental data for flow structure visualization (Fig. 4, а) support the fact that asymmetric structures 
appear in the wake behind drop-shaped tubes. 
In flow around a pair of drop-shaped tubes on the side of the large diameter, the frontal part of each 
of the tubes is streamlined as in the case of circular tubes. The flow then enters the divergent channel – 
a peculiar diffuser formed by the wall of the both tubes, the pressure increasing and the velocity 
decreasing. As mentioned in [12], diffuser losses can be up to 30 % of all hydraulic losses. Moreover, the 
flow can be separated in the diffuser and separation zones can be formed near the edges of the diffuser. 
Thus, beyond the diffuser, the flow is injected into the near wake and separation is formed in the rear 
part of drop-shaped tubes (Fig. 4, b). Since separation is formed over the section of small-diameter 
tubes, the separation zone width is not large and the jet injection from the diffuser into the near wake 
decreases drag. It should be noted that for some velocity regimes, two separation zones can merge into 
one common zone downstream (Fig. 4, b) at Re
D
 = 15940. This can be attributed to the fact that in 
diffusers, even at small angles of expansion the flow at some distance from the inlet can be separated at 
the wall [12]. This circumstance can affect the recirculation zone behind the pair of drop-shaped tubes.
In the mixed arrangement, the asymmetric near wake is formed (Fig. 4, c) first due to the asymmetric 
location of the drop-shaped walls relative to the channel asymmetry and second due to the formation 
of a wide wake behind the drop-shaped tube streamlined on the side of the small diameter. The formed 
wide wake suppresses the narrow wake that had formed behind the drop-shaped tube streamlined on the 
side of the large diameter. The wake asymmetry causes the flow to separate at the channel wall.
As mentioned above [3; 4], flow around a pair of circular tubes occurs simultaneously with the 
asymmetric wake formation (Fig. 4, d). It should be noted that a difference in heat transfer of the pair 
of the considered circular tubes can achieve up to 7 %.
Fig. 3. Hydraulic losses (а), total heat transfer (b), thermal and hydraulic efficiency (c) of the investigated tubes: 1 – pair of side-
by-side drop-shaped tubes streamlined on the side of the large diameter; 2 – pair of side-by-side drop-shaped tubes streamlined 
on the side of the small diameter; 3 – mixed arrangement; 4 – pair of side-by-side circular tubes
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Conclusion. We studied numerically and experimentally convective heat transfer and drag of two 
side-by-side tubes in different arrangements in the narrow channel at the Reynolds number ranging from 
8000 to 40000 in comparison with circular tubes. The visualization results of the flow structure in the 
wake behind the arrangements of the investigated tubes are presented. It is shown that the thermal and 
hydraulic performance of side-by-side drop-shaped tubes is by a factor of 1.2–2 higher than that of 
circular tubes due to a lower drag of drop-shaped tubes.
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